The optical, magnetic, and transport behaviors of Ge 1−x Mn x Te ͑x = 0.24 and 0.55͒ grown by solid-source molecular-beam epitaxy are investigated. X-ray diffraction shows that Ge 1−x Mn x Te crystallizes in rocksalt structure. The temperature-dependent magnetization ͑M-T͒ for x = 0.55 sample gives a Curie paramagnetic temperature of p ϳ 180 K, which is consistent with the temperature-dependent resistivity ͑T͒ measurement. Anomalous Hall effect is clearly observed in the samples and can be attributed to extrinsic skew scattering based on the scaling relationship of xy ϰ xx
I. INTRODUCTION
Dilute magnetic semiconductors ͑DMSs͒ have attracted considerable attention recently because of their important applications in the field of spintronics. 1 In particular, the discovery of ferromagnetism ͑FM͒ in ͑Ga,Mn͒As ͑Ref. 2͒ and heterostructures has paved the way for a wide range of possibilities to converge microelectronics and magnetic technologies. It is generally believed that free charge carriers in the semiconductor host mediate the interaction between magnetic ions, [3] [4] [5] at least in III-V based DMS doped with Mn. [6] [7] [8] The highest Curie temperature T c reported in ͑Ga,Mn͒As grown by molecular-beam epitaxy ͑MBE͒, however, is up to 173 K. 9 Among the IV-VI DMS, only a few compounds show ferromagnetic ordering. For example, the highest T c reported so far for Pb 1−x−y Sn y Mn x Te ͑Ref. 10͒, Sn 1−x Mn x Te ͑Ref. 11͒, and Ge 1−x Cr x Te ͑Ref. 12͒ are 4, 6, and 180 K, respectively.
A key aspect of the DMS work is the need to achieve soluble concentrations of the transition-metal ions well above the equilibrium solubility limit, which requires the use of nonequilibrium methods such as low-temperature epitaxy. For many semiconductor materials, the bulk solid solubility for magnetic or electronic dopants is not favorable for the coexistence of carriers and spins in high densities. On this basis, IV-VI ferromagnetic Ge 1−x Mn x Te can serve as an interesting model to study FM due to its high solubility limit of more than 95% Mn, which can be incorporated into the GeTe host lattice. 13 It is well known that crystalline GeTe is a narrow band gap ͑0.1-0.2 eV͒ degenerate semiconductor with a high carrier concentration ͑10 20 −10 21 cm −3 ͒ resulting from the presence of both Ge vacancy and Ge-Te disorder type of defects. 14, 15 Consequently, it is possible to control the carrier concentrations by changing the stoichiometric composition. 16 Besides ionized-cluster beam 17 and rf sputtering techniques, 18 recent attempts have been made to grow Ge 1−x Mn x Te using the MBE technique. 13, [19] [20] [21] [22] It has been reported that Ge 1−x Mn x Te ͑x ϳ 0.51͒ exhibits a relatively high T c ϳ 150 and 140 K for bulk sample 23 and thin film, 17 respectively. In this article, we report the optical, magnetic, and transport behaviors of Ge 1−x Mn x Te with x = 0.24 and 0.55. A Curie paramagnetic ͑PM͒ temperature of p ϳ 180 K has been attained for x = 0.55 sample. Anomalous Hall effect ͑AHE͒ is clearly observed in our sample, which serves as a basis for discussion on the existence of intrinsic FM. Our temperaturedependent magnetoresistance ͑MR͒ study of Ge 1−x Mn x Te shows that MR behavior at low temperature resembles that of giant-magnetoresistance ͑GMR͒ granular system in solids.
II. EXPERIMENT
Ge 1−x Mn x Te layers were deposited at 200°C on BaF 2 substrates via a MnTe buffer layer, as previously described in Ref. 19 . The Mn compositions were determined by x-ray photoelectron spectroscopy. X-ray Diffraction ͑XRD͒ is carried out in the high resolution Philips X'Pert MRD x-ray diffractometers with K␣ ͑0.1541 nm͒ source. The films thickness was determined to be 200 nm using prolifometry. The UV-3101PC spectrophotometer is employed for the measurement of sample's reflection and transmission to obtain the absorption spectra and the values of band gap of a Ge 1−x Mn x Te sample. Magnetic properties were investigated by commercial superconducting quantum interference device ͑SQUID͒ magnetometer. The resistivity ͑͒ and MR were performed under various temperatures, either in a van der Pauw configuration or using a dc four-point probe. Figure 1 shows the XRD pattern of Ge 1−x Mn x Te for x = 0.55 sample. We observe that the signal of the BaF 2 ͑111͒ at 25.28°tends to overwhelm the Ge 1−x Mn x Te ͑111͒ peak. For x Ͻ 0.55, the Ge 1−x Mn x Te ͑111͒ peak will shift toward a smaller angle, hence overlapping with the BaF 2 ͑111͒ peak. As such, it will be easier to determine the lattice constant by selecting the Ge 1−x Mn x Te ͑222͒ instead of Ge 1−x Mn x Te ͑111͒ peak. We note that BaF 2 ͑222͒ peak is located at 51.43°. The inset of Fig. 1͑b͒ shows the XRD results of the Ge 1−x Mn x Te ͑222͒ peak position for x = 0.24 and 0.55 samples. The spectra are displayed vertically for clarity. The obtained lattice constants for x = 0.24 and 0.55 samples are a = 0.5939 and 0.5895 nm, respectively.
III. RESULTS AND DISCUSSION
It is well known that the GeTe is a p-type degenerate semiconductor with E g ϳ 0.1 to 0.2 eV but usually a direct optical absorption edge is observed at 0.7-1.0 eV, which is due to Burstein-Moss shift.
14 On the other hand, MnTe is a p-type semiconductor that crystallizes in a stable NiAs type structure with E g ϳ 1.3 eV. 24 Under nonequilibrium condition, MnTe can be grown as a metastable ZB phase with E g ϳ 3.1 eV. 25 Figure 2 displays the measured absorption curves for x = 0.24 and 0.55 samples, as well as the GeTe epilayer of 250 nm grown on BaF 2 ͑111͒ substrate. The optical band gap has been estimated from the absorption coefficient as a function of photon energy by using the relation
where B is a band tailing constant, h is the photon energy of the light, E g is the band gap of the semiconductor, ␣ is the absorption coefficient, and n =1/ 2 for direct band gap and n = 2 for indirect band gap. Since BaF 2 is a wide band gap material with E g = 9.1 eV, the light with photon energy in the range of 0.58 to 2 eV is transparent to BaF 2 . The room temperature E g values obtained for GeTe, x = 024, and x = 0.55 samples are 0.906, 0.936, and 0.975 eV, respectively. The inset shows the measured absorption curve of a single epilayer of MnTe grown on BaF 2 substrate. The room temperature E g is deduced to be 3.44 eV, which possibly corresponds to the ZB structure. Figure 3 shows the M-H curves of Ge 1−x Mn x Te for ͑a͒ x = 0.24 and ͑b͒ x = 0.55 samples measured at 5 K with H ʈ plane and H Ќ plane. Both samples exhibit ferromagnetic ordering. The effective magnetic moments per Mn ion at 5 K are estimated to be 0.72 B and 0.13 B for x = 0.24 and 0.55 samples, respectively. We did not observe any distinct magnetic anisotropy since the difference in coercivity is very small ⌬H c ϳ 27 Oe. The result indicates that the magnetic moments are not all in plane but part of them are out of plane. The existence of the out-plane magnetic moments could be due to surface roughness that may induce spin disordering in the film surface. On the other hand, nanoscale clusters with different orientations may also have an effect on the domains formation under the crystal field. The crystal asymmetry may hinder the displacement of the domain wall that might reduce the ⌬H c . As a consequence, the magnetic anisotropy is weakened due to different orientations of the clusters. Figure 4 shows the temperature-dependent magnetization ͑M-T͒ of Ge 1−x Mn x Te for ͑a͒ x = 0.24 and ͑b͒ x = 0.55 The fact that T B has a larger value for x = 0.55 sample suggests the existence of a larger cluster size as compared to x = 0.24 sample. The shape of the FC curve is more of concave type for x = 0.24 as compared to x = 0.55, which deviates from the Weiss mean-field theory. Current theories suggest that the shape of M-T curves is controlled by the disorder in the sample and any shape from concave to linear to convex is possible. [26] [27] [28] It is now commonly known that Mn-rich phases such as Mn 5 Ge 3 ͑Ref. 29͒ and Mn 11 Ge 8 ͑Ref. 30͒ can occur in Mn x Ge 1−x thin films depending on the growth conditions. We do not rule out the possibility of the formation of such phases in our samples. This will require a detailed transmission electron microscopy characterization. However, based on our XRD results, we do not observe the occurrence of secondary phases. Additionally, both Mn 5 Ge 3 and Mn 11 Ge 8 phases exhibit FM up to room temperature in contrast to our observed p = 135 and 180 K for x = 0.24 and 0.55 samples, respectively. Thus, we infer that the FM clusters in our samples are most likely due to Ge x Mn 1−x Te. Figure 5 shows the hysteresis curves obtained by Hall resistance measurements ͑R H -H͒ at various temperatures for the two samples. The Hall resistance R H can be written as a sum of ordinary and anomalous Hall terms 31 
R H
where R o and R S are the ordinary and anomalous Hall coefficients, respectively; d is the film thickness; and M Ќ is the component of magnetization perpendicular to the sample surface. The first term denotes the ordinary Hall effect ͑OHE͒ that is proportional to the inverse of the carrier density, and the second term denotes the AHE that is proportional to the magnetization. For B Ͼ 0.5 T, the AHE saturates because of the saturation of magnetization. The remaining linear slope reflects the ordinary Hall term. The field dependencies of the R H curves are in good agreement with the M-H curves obtained by SQUID for both samples. The close similarity between these two results indicates that the contribution from the OHE is rather small within the regime of applied field and temperature range. The AHE represents ferromagnetic spin polarization of the charge carrier. Thus, the observation of the AHE was recognized as a confirmation on the existence of intrinsic FM on the ferromagnetic semiconductors. 32 However, the AHE has also been observed for nonmagnetic material embedded with magnetic clusters such as TiO 2−d films containing cobalt clusters. 33 In Eq. ͑2͒, R S is related to the strength of spin-orbit coupling, which is proportional to xx n with temperature-independent proportionality constant. Usually, n is either 1 or 2 depending on the origin of the effect; the skew-scattering mechanism results in n =1, whereas the side-jump mechanism gives n = 2. The important role of AHE in carrier mediated FM in DMS has been extensively discussed by Jungwirth et al. 34 and has also been demonstrated experimentally in the case of Ga 1−x Mn x As. 35, 36 To ascertain the origins of AHE, we examine the scaling relationship xy ϰ xx n at 20 K for a series of Ge 1−x Mn x Te. As shown in the inset of Fig. 5͑a͒ , the least-square fit gives a value of n = 1.06Ϯ 0.16. The behaviors of AHE could be due to extrinsic skew scattering, 37 as the model predicts a linear scaling behavior. Figure 6 shows the temperature dependence of resistivity ͑͒ for both samples. The decreases with increasing temperature and goes through a broad minimum at T R = 120Ϯ 10 and 170Ϯ 10 K for x = 0.24 and 0.55 samples, respectively. The change in slopes in could correspond to PM-FM phase transition. The T R values obtained are close to p = 135 and 180 K for x = 0.24 and 0.55 samples, respectively. We note that GeTe is a p-type degenerate semiconductor with the Fermi level of ϳ0.3-0.5 eV lying inside the valence band 14, 15 and shows a metallic conduction. The inset ͑a͒ of Fig. 6 shows the measured as a function of temperature of the GeTe epilayer. This metallic conduction may well describe our transport behavior in Ge 1−x Mn x Te for T Ͼ T R . We have fitted the low temperature range for x = 0.24 and 0.55 samples with resistivity proportional to exp͑␣T −1/n ͒, with n = 2, 3, or 4 as shown in the inset ͑b͒ of Fig. 6 . The corresponding value of n = 3 gives the best least-squared fits for both x = 0.24 and 0.55 samples, indicating the phononassisted carrier hopping between localized states at low temperatures. Using the mean-field model, the general T c is expressed as
where N is the Mn magnetic ion density, S is the spin of the Mn ions, J pd is the localized spin-itinerant-spin exchange coupling constant, and f is the itinerant-hole magnetic susceptibility. The kinetic energy of the band holes gives a contribution to the susceptibility with a relation To determine whether anisotropic MR plays a significant role, the dependence of MR on the field orientations was measured. We defined MR as ͓͑H͒ − ͑0͔͒ / ͑0͒. The MR was found to be unaffected in both H ʈ plane and H Ќ plane. Figure 8 shows the temperature dependence of the MR effect up to 7 T for x = 024 sample at various temperatures. It is found that in the whole temperature range, the MR effects are small. At 4 K, the MR effect decreases with increasing field and reaches a plateau at high field due to weak localization effect induced by disorder. With increasing temperature, the negative MR decreases and changes finally to a very small positive MR effect at 50 K. One expects proportionality to H 2 for diamagnetic semiconductors. This prediction is clearly observed at higher temperature ͑T Ն 50 K͒. Similar MR behavior is observed for x = 0.55 sample. The negative MR can be explained by the formation of bound magnetic polarons by the exchange interaction between localized carriers and magnetic ions. 40 It is known that the magnetic properties of Mn-doped IV-VI DMSs are caused by antiferromagnetic exchange interaction between Mn ions at low carrier concentration of ϳ10 17 to 10 19 cm −3 . For high carrier concentration, the ferromagnetic ordering is caused by Ruderman-Kittel-KasuyaYoshida ͑RKKY͒ interaction. Both x = 0.24 and 0.55 samples are found to have p ϳ 10 21 cm −3 , and the ferromagnetic mechanism can possibly be attributed to RKKY interaction. On the other hand, the antiferromagnetic interaction mechanism also exists between the Mn ions causing the T C to decrease as Mn composition increases. We relate the observation of the isotropy of MR and M-H curves with the formation of FM clusters in the samples that could induce disordering effect.
IV. CONCLUSIONS
In summary, Ge 1−x Mn x Te samples with x = 0.24 and 0.55 were prepared by MBE. Our XRD results show that both samples crystallize in rocksalt structure with ͑111͒ orientation preferred. The band gap ͑E g ͒ values for both samples are deduced from the optical absorption measurement. The ͑T͒ measurement exhibits an upturn at a critical temperature for both samples, which can be related to PM-FM transition. For x = 0.55 sample, a Curie PM temperature of 180 K is attained. The scaling behavior of AHE indicates that the extrinsic skew scattering mechanism may be involved. We infer from our magnetization results that the samples may contain FM clusters. 
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